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Carbon  nanotube  (CNT)-grafting  by  chemical  vapor  deposition  was  conducted  to  reduce  the  resistance  of 
activated  carbon  fiber  serving  as  an  electrode  for  electric  double  layer  capacitors.  Sputtering  deposition 
of  Ni  catalyst  particles  led  to  a  uniform  growth  of  CNTs  on  the  carbon  fiber  surface  through  the  tip- 
growth  mechanism.  Because  sputtering  deposition  ensures  little  pore  blockage  (in  comparison  with  wet- 
impregnation),  the  surface  area  decrease  of  the  carbon  fiber  due  to  Ni  loading  was  minimized.  By  using 
H2SO4  aqueous  solution  as  the  electrolyte,  a  capacitor  cell  assembled  with  the  CNT-grafted  fiber  showed 
higher  electron  and  electrolyte-ion  conductivities  relative  to  a  cell  assembled  with  the  bare  fiber.  By 
increasing  the  discharging  current  density  from  1  to  150  mAcnrr2,  the  bare  fiber  exhibited  a  capacitance 
loss  of  17%  while  the  CNT-grafted  fiber  showed  a  mitigated  capacitance  loss  of  only  7%.  This  developed 
CNT-grafting  technique  renders  activated  carbon  fiber  a  promising  electrode  material  for  a  variety  of 
electrochemical  applications. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electric  double  layer  capacitors  (EDLCs)  with  high-energy  den¬ 
sity  were  developed  by  taking  advantage  of  the  large  surface  area 
of  porous  carbon  materials  [1-18].  Because  of  the  physical  nature 
of  the  double  layer  formation  mechanism,  these  EDLCs  are  pro¬ 
vided  with  high  power  density  and  long  cycle  life.  In  practical 
applications,  it  requires  a  special  attention  on  the  minimization 
of  energy  dissipation  due  to  electron  or  electrolyte-ion  transport 
[17-26].  Decreasing  the  resistance  within  EDLCs  is,  in  fact,  the  key 
to  enhance  the  energy  storage  efficiency. 

The  resistance  within  an  EDLC  results  mainly  from  the  electri¬ 
cal  contact  resistance  in  electrodes,  the  resistance  in  the  solution 
bulk  phase,  and  the  resistance  of  ion  migration  in  the  carbon  micro¬ 
pores  [5,9,21].  Activated  carbon  fibers,  which  contain  micropores 
opening  directly  to  the  outer  surface,  are  considered  an  appropri¬ 
ate  electrode  material  for  EDLCs  [27-30].  The  high  accessibility  of 
the  micropores  significantly  minimizes  the  ion  transport  restriction 
and  thus  promotes  the  double  layer  build-up  on  carbon  surface.  To 
achieve  high-energy  storage  per  unit  electrode  area,  a  carbon  film 
of  a  considerably  large  thickness  is  essentially  required  to  fabri¬ 
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cate  EDLCs.  Under  this  circumstance,  the  internal  resistance  of  the 
carbon  electrode  itself  becomes  an  issue  of  great  importance.  Acti¬ 
vated  carbon  fibers  have  their  sheaths  composed  of  the  basal  planes 
of  the  graphite  crystallites  [27].  This  has  induced  a  large  electrical 
contact  resistance  between  the  fiber  threads  and  thus  restricted  the 
application  of  this  carbon  material  for  EDLCs  aimed  at  high  power 
densities. 

Carbon  nanotubes  (CNTs)  are  known  to  have  high  electrical 
conductivity  and  chemical  stability  [31-38].  These  features  render 
CNTs  an  ideal  additive  for  electrodes  to  improve  the  conductiv¬ 
ity  [39-45].  In  the  present  work  we  develop  a  technique  to  grow 
CNTs  on  a  polyacrylonitrile  (PAN)-based  activated  carbon  fiber,  in 
an  attempt  to  enhance  the  electronic  conductivity  between  the  con¬ 
stituting  fiber  threads.  For  EDLCs  assembled  with  this  carbon  fiber, 
the  CNT-grafting  modification  is  shown  to  significantly  enhance  the 
conduction  of  both  electrons  and  electrolyte-ions  during  double 
layer  formation. 

2.  Experimental 

The  PAN-based  activated  carbon  fiber  used  was  in  the 
form  of  woven  cloth,  having  a  thickness  of  0.4-0.6mm, 
Brunauer-Emmett-Teller  (BET)  surface  area  of  1200  m2g-1,  and 
pore  volume  of  0.59  cm3  g-1 .  We  used  nickel  as  the  catalyst  for  the 
growth  of  CNTs  on  the  carbon  cloth.  The  catalyst  was  deposited  on 
carbon  cloth  (6  cm  x  6  cm)  using  sputtering  deposition,  in  which 
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Fig.  1.  SEM  image  of  the  activated  carbon  fiber  grafted  with  carbon  nanotubes.  The 
inset  shows  the  image  of  fiber  threads  constituting  the  bare  activated  carbon  fiber. 


the  nickel  target  was  of  99.99%  in  purity.  The  deposition  was  per¬ 
formed  for  5  min  at  a  working  pressure  of  5  x  10-2  Torr,  an  argon 
flow  rate  of  15  cm3  min-1 ,  a  radio-frequency  power  of  50  W,  and  an 
electrode  distance  of  5  cm.  After  the  catalyst  seeding,  CNTs  were 
grown  on  the  cloth  using  a  thermal  chemical  vapor  deposition 
method.  Prior  to  the  growth,  the  catalyst  on  the  cloth  was  treated 
with  H2  ( 1  atm)  at  400  °C  for  1  h.  The  growth  of  CNTs  was  performed 
at  800  °C  for  1  h  under  atmospheric  pressure,  using  methane  as 
the  carbon  source  and  hydrogen  as  the  balance  gas  at  a  CH4/H2 
ratio  of  3/17.  The  CNTs  grown  on  the  carbon  cloth  were  analyzed 
with  scanning  electron  microscopy  (SEM;  JEOL  JSM-6700F),  trans¬ 
mission  electron  microscopy  (TEM;  Hitachi  FE-2000),  and  Raman 
spectroscopy  (Renishaw;  10  mW  He-Ne  laser,  633  nm  in  wave¬ 
length). 

Two-electrode  cells  were  used  to  examine  the  electrochemi¬ 
cal  performance  of  the  carbon  fiber  specimens.  The  electrode  of 
the  cells  consisted  of  1  cm2  carbon  cloth  and  stainless-steel  foil 
as  the  current  collector.  The  cells  were  constructed  with  a  pair  of 
the  electrodes  sandwiching  a  cellulose  fiber  filter  paper  as  sepa¬ 
rator.  All  electrochemical  measurements  were  carried  out  using 
2M  H2S04  as  electrolyte  at  the  ambient  temperature.  Galvanos- 
tatic  charge-discharge  was  used  to  determine  the  capacitance  of 
the  electrodes.  An  ac  impedance  spectrum  analyzer  combined  with 
a  computer  software  was  employed  to  measure  and  analyze  the 
impedance  behavior  of  the  cells.  The  impedance  measurements 
were  conducted  at  0  V  with  an  ac  potential  amplitude  of  5  mV  and 
a  frequency  range  of  10  mHz-100  kHz. 

3.  Results  and  discussion 

Fig.  1  shows  the  external  feature  of  the  activated  carbon  fiber 
grafted  with  CNTs.  The  SEM  image  shows  that  CNTs  were  uni¬ 
formly  grown  on  the  fiber  surface  with  a  population  density  of 
2-6  x  109  cm-2.  The  inset  of  Fig.  1  shows  the  image  of  bare  fiber 
threads,  which  have  a  diameter  of  ca.  7  p,m.  A  large  majority  of  the 
CNTs  grown  on  the  fiber  had  an  average  tube  diameter  of 40-50  nm. 
This  requires  a  uniform  size  of  Ni  nanoparticles  deposited  on  the 
carbon  fiber.  We  deposited  these  Ni  particles  with  the  sputtering 


Fig.  2.  TEM  images  of  a  carbon  nanotube  grown  on  the  activated  carbon  fiber:  (a) 
the  center  portion  of  the  tube;  (b)  the  end  portion  of  the  tube  with  the  selected  area 
electron  diffraction  pattern  shown  in  the  inset.  The  electron  diffraction  pattern  is 
obtained  with  the  incident  beam  directing  along  the  Ni  [1 1  0]  and  graphite  [0 1  0] 
directions. 


method  to  avoid  the  blockage  of  micropores  in  the  activated  car¬ 
bon.  Wet  chemical-impregnation  for  catalyst  loading,  on  the  other 
hand,  leads  to  serious  pore  blockage  in  most  cases.  The  CNT-grafted 
carbon  fiber  had  a  BET  surface  area  only  slightly  smaller  than  the 
bare  fiber  (1160  m2  g-1  vs.  1200  m2  g-1). 

Another  advantage  of  the  sputtering  method  is  to  form  a  weak 
interaction  between  the  catalyst  and  carbon  substrate.  The  weak 
interaction  would  lead  to  the  “tip-growth”  mode  for  CNT  formation. 
The  tip-growth  mode  is  preferred  here  because  it  would  create  a 
direct  electrical  connection  between  the  grafted  CNTs  and  the  fiber 
surface.  The  typical  TEM  image  of  the  CNTs  grafted  on  the  fiber  is 
depicted  in  Fig.  2.  Fig.  2(a)  shows  the  center  portion  of  a  CNT.  The 
image  clearly  demonstrates  the  multi-walled  feature  of  the  CNTs 
grafted  on  the  fiber.  For  a  large  majority  of  the  CNTs,  the  graphene 
layers  are  well  orientated  and  parallel  to  the  tube  axis,  as  shown  in 
the  inset.  The  tube  wall  has  an  average  d002  spacing  of  0.342  nm, 
which  is  larger  than  that  of  pure  graphite  (0.335  nm).  However, 
in  some  CNTs  there  are  graphene  layers  that  tilt  and  truncate,  as 
depicted  by  the  left-hand  wall  of  the  CNT  in  Fig.  2(a). 

Fig.  2(b)  shows  the  appearance  of  an  encapsulated  catalyst  par¬ 
ticle  at  the  end  of  the  CNT,  in  agreement  with  the  anticipated 
tip-growth  mode.  This  catalyst  particle  has  well-defined  crystalline 
structure,  as  reflected  by  the  selected  area  electron  diffraction  pat¬ 
tern  shown  in  the  inset  of  Fig.  2(b).  The  diffraction  points  can  be 
indexed  according  to  the  face-centered  cubic  structure  of  metallic 
Ni  (Fm3m,  space  group  no.  225,  with  a  =  3.523  A;  JCPDS  87-0712) 
with  a  zone  axis  directing  along  the  [110]  direction.  The  pattern 
also  records  the  diffraction  from  graphite  with  a  zone  axis  direct¬ 
ing  along  graphite  [010].  The  graphite  structure  is  assigned  to  the 
CNT  endcap  encapsulating  the  catalyst  particle.  Because  the  struc¬ 
ture  of  nickel  metal,  rather  than  nickel  carbide,  was  detected  by  the 
diffraction  analysis,  surface  diffusion  of  carbon  around  the  Ni  par¬ 
ticle  should  be  the  mechanism  in  this  catalytic  growth  of  CNTs.  In 
the  electron  diffraction  pattern  shown  in  Fig.  2(b),  the  diffraction 
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Fig.  3.  Raman  spectra  of  the  bare  and  CNT-grafted  carbon  fibers. 


Fig.  4.  Variation  of  the  relative  capacitance  (C/Ci)  with  discharge  current  for  the 
bare  and  CNT-grafted  fibers  serving  as  electrodes  for  EDLCs.  The  relative  capacitance 
was  obtained  by  dividing  the  specific  capacitance  (C)  with  the  value  obtained  at 
1  mAcm-2  (Ci).  The  EDLCs  have  been  charged  to  1 V  prior  to  discharge.  The  inset 
shows  typical  potential-against-time  curves  of  the  EDLCs  charged  and  discharged 
at  1  mAcm-2. 


center  and  the  graphite  (0  0  2)  and  Ni(2  2  0)  diffraction  spots  can  be 
connected  by  a  straight  line.  This  reflects  that  the  graphite  [0  0  2] 
direction  is  parallel  to  the  [110]  direction  of  Ni.  It  was  reported 
that  the  Ni(  1 1  0)  face  is  active  for  methane  dissociation,  while  unfa¬ 
vorable  for  graphite  binding  [46,47].  Under  this  circumstance,  it  is 
likely  that  in  the  CNT  growth  the  carbon  atoms  from  methane  dis¬ 
sociation  diffuse  on  the  Ni(l  1  0)  plane  and  are  incorporated  into 
the  new  graphene  layers  at  the  edge  of  the  (110)  plane.  This  mech¬ 
anism  explains  how  the  nanotubes  were  grown  in  the  tip-growth 
mode  with  their  graphene  layers  parallel  to  the  Ni(l  1  0)  plane. 

The  chemical  structure  of  the  bare  and  CNT-grafted  carbon  fibers 
was  analyzed  with  Raman  spectroscopy.  Fig.  3  compares  the  Raman 
signatures  of  these  carbon  fibers.  Both  carbon  specimens  show 
well-defined  D-  and  G-band  peaks  in  the  spectra.  For  the  most 
part,  the  D-band  is  observed  at  1350  cm-1  and  G-band  at  1580  cm-1 
for  carbons.  The  G-band  corresponds  to  a  phonon  high-frequency 
E2g  first-order  mode  of  graphite  and  is  related  to  the  vibration  of 
sp2 -bonded  carbon  atoms  in  a  two-dimensional  hexagonal  lattice, 
such  as  in  a  graphite  sheet  [48-51  ].  On  the  other  hand,  the  D-band 
results  from  vibrations  of  carbon  atoms  with  dangling  bonds  in 
crystal  lattice  plane  terminations  of  disordered  graphite  or  defects 
in  the  curved  graphene  sheets.  The  intensity  ratio  of  the  D-  to  G- 
band,  JD/JG,  can  be  used  to  estimate  the  quality  of  carbon  materials. 
The  obtained  /D//G  values  here  were  1.0  and  0.98  for  the  bare  and 
CNT-grafted  fibers,  respectively.  The  similarity  in  /D//G  reflects  that 
the  overall  crystallinity,  which  affects  the  conductivity,  remained 
similar  after  the  introduction  of  CNTs.  Flowever,  there  is  a  shoulder 
peak  at  ~1600cm-1  (Dr  peak)  on  the  G-band  of  the  CNT-grafted 
fiber.  This  D'  peak  is  induced  by  disorders  resulting  from  the  finite 
size  effect  or  lattice  distortion  [49-51  ],  which  are  characteristics  of 
multi-walled  CNTs.  It  is  obvious  that  the  D'  peak  is  contributed  by 
multi-walled  feature  of  the  CNTs  grafted  on  the  fiber. 

A  constant  current  charge-discharge  cycling  was  conducted  to 
measure  the  capacitance  of  capacitor  cells  assembled  with  the  bare 
and  CNT-grafted  fibers.  The  specific  discharge  capacitance  (C)  of  the 
electrodes  in  the  cells  was  calculated  according  to 


(2  x  i  x  t) 
(W  x  A E) 


(i) 


where  i  is  the  discharge  current,  t  the  discharge  time,  W  the  car¬ 
bon  fiber  mass  of  an  electrode,  and  A E  the  potential  difference  in 
discharge,  excluding  the  portion  of  IR  drop.  The  factor  of  2  comes 
from  the  total  capacitance  measured  from  the  two-electrode  cells 
being  the  addition  of  two  equivalent  single-electrode  capacitors 
in  series.  The  potential-against-time  curves  of  the  bare  and  CNT- 
grafted  fibers  charged  and  discharged  at  1  mA  cm-2  are  depicted 
in  the  inset  of  Fig.  4,  showing  a  standard  capacitive  behavior  for 
both  fibers.  The  times  required  for  charge  or  discharge  for  the  two 
cells  were  almost  identical  at  this  low  current  density,  reflecting 
similar  ultimate  charge-storage  capacities.  Fig.  4  shows  the  varia¬ 
tion  of  the  relative  capacitance  (C/Ci ;  Q  =  the  ultimate  capacitance 
obtained  at  1  mA  cm-2 )  with  the  discharge  current  density.  The  rel¬ 
ative  capacitance  is  equivalent  to  the  rate  capability  of  an  EDLC  [22]. 
The  Ci  values  are  similar  for  these  two  carbon  fiber  specimens.  For 
each  carbon  specimen  the  relative  capacitance  deviates  from  unity 
with  discharge  current,  suggesting  the  intrusion  of  cell  resistance 
in  the  charge-storage  process.  It  is  of  interest  to  observe  that  the 
capacitance  decrease  with  current  for  the  CNT-grafted  fiber  is  less 
dramatic  relative  to  that  for  the  bare  fiber.  At  a  high  discharge  cur¬ 
rent  of  150  mAcm-2,  the  relative  capacitance  decreases  to  83%  for 
the  bare  fiber  while  it  stays  at  a  value  as  high  as  93%  for  the  CNT- 
grafted  fiber.  The  CNT-grafting  must  have  significantly  mitigated 
the  charge  resistance  of  a  cell  assembled  with  the  carbon  fiber. 

The  durability  of  the  capacitor  cells  should  be  concerned  as  well. 
Both  the  bare  and  CNT-grafted  carbon  fibers  showed  stable  capac¬ 
itance  and  high  coulombic  efficiency  (above  99%)  over  100  cycles 
of  charge-discharge  between  0  and  1 V  at  1  mAcm-2.  The  resid¬ 
ual  Ni  catalyst  had  little  influence  on  the  durability  of  the  resulting 
EDLCs.  This  can  be  partially  attributed  to  the  fact  that  the  encapsu¬ 
lated  Ni  catalyst  was  well  protected  by  the  CNT  endcaps,  as  shown 
in  Fig.  2(b). 

Ac  impedance  spectroscopy,  which  distinguishes  the  resistance 
and  capacitance  of  a  device,  was  employed  to  analyze  the  resis¬ 
tance  components  regarding  the  double  layer  formation  on  the 
fiber  electrodes.  The  impedance  spectra  scanned  at  0  V  are  shown 
in  Fig.  5(a)  as  a  Nyquist  plot.  Fig.  5(b)  and  (c)  shows  the  magnifica¬ 
tion  of  the  high-frequency  region  of  the  impedance  spectra  for  the 
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Fig.  5.  (a)  Nyquist  impedance  plots  of  the  EDLC  cells  assembled  with  the  bare  and 
CNT-grafted  fibers  with  the  frequency  ranging  from  10  mHz  to  100  kHz  at  an  applied 
potential  of  0  V;  (b)  the  magnification  of  the  high-frequency  region  of  the  impedance 
spectra  for  the  cell  assembled  with  the  bare  fiber;  (c)  the  magnification  of  the  high- 
frequency  region  of  the  impedance  spectra  for  the  cell  assembled  with  the  CNT- 
grafted  fiber.  The  equivalent  circuit  for  the  impedance  data  is  shown  in  the  set  of  (a). 
In  the  circuit  Cc  is  the  capacitance  due  to  the  contact  interface,  Cd  the  capacitance 
inside  pores  and  w  a  Warburg  diffusion  element. 


two  cells.  For  the  bare  fiber  there  is  a  semicircle  intersecting  the 
real  axis  in  the  high-frequency  region.  The  locus  of  the  semicircle 
intercepts  the  Re(Z)  axis  at  Rs  and  Rs  +  Rc  in  the  Nyquist  plot,  where 
Rc  represents  the  electrical  contact  resistance  of  the  electrode  and 
Rs  the  resistance  of  ion  migration  in  the  bulk  solution.  The  values 
of  Rs  and  Rc  for  the  cell  assembled  with  the  bare  fiber  were  thus 
obtained  from  the  intercepts  in  the  Nyquist  plot  shown  as  Fig.  5(b). 
Following  the  semicircle  with  decreasing  frequency,  the  plot  for 
the  bare  fiber  transforms  to  a  vertical  line  with  the  presence  of  a 
transition  zone.  The  transition  is  a  consequence  of  the  distributed 
resistance/capacitance  in  the  carbon  micropores  [2,4].  An  equiva¬ 
lent  circuit  for  the  capacitor  cells  is  shown  in  the  inset  of  Fig.  5(a).  A 
Warburg  diffusion  element  is  incorporated  in  the  circuit  to  empha¬ 
size  the  distributed  resistance  for  ion  diffusion  in  the  micropores.  As 
shown  in  Fig.  5(b),  the  extrapolation  of  the  vertical  line  intercepts 
the  Re(Z)  axis  at  Rt  (=RS  +  Rc  +  Rp),  where  Rt  is  the  total  resistance 


Table  1 

Components  of  the  EDLC  resistance  determined  from  the  impedance  spectra  shown 
in  Fig.  5(b)  and  (c)  for  the  cells  assembled  with  the  bare  and  CNT-grafted  activated 
carbon  fibers 


The  total  resistance  (Rt)  equals  to  the  sum  of  the  resistance  of  ion  migration  in  the 
bulk  solution  (Rs),  internal  contact  resistance  of  the  electrode  ( Rc )  and  equivalent 
distributed  pore  resistance  (Rp). 


and  Rp  the  equivalent  distributed  pore  resistance  [4].  We  obtained 
the  value  of  Rt  from  the  extrapolated  intercept  on  the  Re(Z)  axis 
and  determined  the  value  of  Rp  by  subtracting  Rs  and  Rc  from  Rt. 
Table  1  summarizes  the  values  of  all  the  resistance  components  for 
the  cell  assembled  with  the  bare  fiber. 

As  to  the  cell  assembled  with  the  CNT-grafted  fiber,  there  is 
no  semicircle  observed  for  the  impedance  Nyquist  plot  shown  in 
Fig.  5(a)  and  (c).  This  indicates  that  the  internal  resistance  in  the 
carbon  fiber  electrode  was  eliminated  as  a  result  of  the  grafting  of 
CNTs  on  the  fiber  surface.  The  resistance  components  determined 
from  the  impedance  data  in  Fig.  5(c)  are  also  listed  in  Table  1  to  com¬ 
pare  with  those  for  the  bare  fiber  cell.  The  cell  assembled  with  the 
CNT-grafted  fiber  had  a  smaller  total  resistance  than  the  cell  with 
the  bare  fiber,  i.e.  1.8  £2  vs.  2.9  £2.  The  difference  in  the  cell  resis¬ 
tance  is  principally  contributed  by  the  elimination  of  the  internal 
contact  resistance  in  the  electrode.  Table  1  shows  that  the  internal 
contact  resistance  of  the  bare  fiber  was  reduced  from  0.97  to  0.00  £2 
by  the  CNT  grafting. 

In  addition,  the  cell  assembled  with  the  CNT-grafted  fiber 
showed  a  smaller  Rs  value.  It  is  possible  that  the  CNT  grafting  has 
led  to  a  more  intimate  contact  of  the  electrolyte  solution  with  car¬ 
bon  fiber  to  facilitate  the  transport  of  ions  and  solvent  molecules. 
The  presence  of  CNTs  may  have  increased  the  overlapping  poten¬ 
tial  of  the  carbon  surface  and  thus  enhanced  the  affinity  of  the  fiber 
surface  for  the  electrolyte  solution.  The  ruptured  spots  on  the  CNT 
surface,  as  shown  in  Fig.  2(a),  are  polar  in  nature  and  can  promote 
the  affinity  for  the  electrolyte.  There  is  also  a  possibility  that  the 
smaller  Rs  of  the  CNT-grafted  fiber  was  caused  by  the  reduced  elec¬ 
trode  resistance.  Because  of  the  grafting  of  the  highly  conductive 
CNTs,  the  polarization  rate  at  the  solid/solution  interface  would 
be  significantly  promoted.  This  polarization  promotion  would  give 
a  smaller  value  for  Rs,  which  corresponds  to  the  cell  resistance 
detected  at  high  ac  frequencies.  Obviously,  the  CNT-growth  tech¬ 
nique  developed  in  the  present  work  not  only  bridges  the  gap 
between  the  carbon  fibers  for  electron  conduction,  but  also  cre¬ 
ates  for  the  fiber  surface  a  boundary  layer  that  facilitates  interface 
polarization. 


4.  Conclusions 

The  internal  resistance  of  carbon  fiber  electrodes  with  a  con¬ 
siderably  large  thickness  can  be  significantly  reduced  by  grafting 
CNTs  on  the  fiber  surface.  To  graft  CNTs  on  activated  carbon  fiber  in 
the  present  work,  Ni  catalyst  particles  were  uniformly  deposited  on 
the  fiber  by  using  a  sputtering  method,  which  showed  little  block¬ 
age  of  the  micropores  in  the  activated  carbon.  The  weak  interaction 
between  the  deposited  Ni  and  carbon  substrate  has  led  to  the  “tip- 
growth”  mode  for  CNT  formation,  thus  creating  a  direct  electrical 
connection  between  the  grafted  CNTs  and  the  fiber  surface.  The 
graphene  layers  of  the  CNT  endcap  were  found  to  be  parallel  to 
the  (110)  plane  of  the  Ni  catalyst.  Because  of  this  CNT  grafting  the 
electrical  conductivity  between  the  fiber  threads  was  significantly 
enhanced.  Using  the  carbon  fiber  as  electrodes  for  EDLCs,  the  resis- 
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tance  of  the  electrolyte-ion  motion  was  also  reduced  as  a  result  of 
this  CNT  grafting.  The  introduction  of  the  CNTs  may  have  formed 
an  intimate  contact  between  the  electrolyte  solution  and  carbon 
surface,  or  have  promoted  the  solid/solution  interface  polarization. 
Consequently,  carbon  fibers  grafted  with  CNTs,  with  the  catalyst 
deposited  by  sputtering,  can  serve  as  an  EDLC  electrode  with  low 
energy  loss,  especially  for  operation  with  speedy  charge-discharge. 
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